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)#&%#"Under a layer of 0.1M HCl in isopropanol, soft UV (365 nm) photolysis of the thiol?on?
gold self?assembled monolayer (SAM) derived from the lipoic acid ester of α?hydroxy?1?acetylpyrene 
results in the expected removal of the acetylpyrene protecting group. By photolyzing through a mask 
this can be used to produce a patterned surface and, at a controlled electrochemical potential, it is then 
possible to selectively and reversibly electrodeposit copper on the photolyzed regions. Rather 
surprisingly, under these photolysis conditions, there is not only the expected photodeprotection of the 
ester but also partial removal of the lipoic acid layer which has been formed. In further studies, it is 
shown that this type of acid catalyzed photo?removal of SAM layers by soft UV is a rather general 
phenomenon and results in the partial removal of the thiol?on?gold SAM layers derived from other ω?
thiolated carboxylic acids. However, this phenomenon is chain?length dependent. Under conditions in 
which there is a ~60% reduction in the thickness of the SAM derived from dithiobutyric acid, the SAM 
derived from mercaptoundecanoic acid is almost unaffected. The process by which the shorter chain 
SAM layers are partially removed is not fully understood since these compounds do not absorb 
significantly in the 365nm region of the spectrum! Significantly, this study shows that acid catalysis 
photolysis of thiol?on?gold SAMs needs to be used with caution. 
 
 
*+,-&.: selfassembled monolayers, soft UV photolithography, 1acetylpyrene, lipoic acid, 
photochemical deprotection, electrochemical metallization. 
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/0#&-.%#/-0
Soft UV (~365 nm) photolysis of Self?Assembled Monolayers (SAMs) can be used to induce specific 
functional group transformations and to create well?defined patterns on both gold and silica substrates.1?
19  Surfaces can be patterned with two, three or four different functional groups,11,16?18 made so that they 
have a gradient of chemical or physical properties16 or patterned so that they are suitable for the 
spatially selective attachment of biomolecules or the spatially selective deposition of polymers, 
nanoparticles or metals. Compared to deep UV photopatterning of SAMs, or the production of patterned 
SAMs through microcontact printing, one of the advantages of using soft UV photopatterning is that, by 
exploiting double quantum processes, it is possible to create SAMs that are patterned on the nanometer 
scale; on a scale less than that of the wavelength of the light.1,2,19  Another advantage of soft UV 
photochemistry comes in terms of drug delivery using up?converting nanoparticles. Biological tissue is 
relatively transparent to light at ~800 nm and, since up?converting nanoparticles can convert ~880 nm to 
~365 nm light, this can be used to trigger release of drugs from SAM layers bound to the particles 
through soft?uv photocleavable linkers. The 800 nm light penetrates ‘deep’ within the biological tissues 
triggering selective photochemical release of the drugs at the point at which they are required.3,4  
Although most workers have concentrated on the photochemistry of orthonitrobenzyl derivatives, 
almost any preparative photochemical reaction can be adapted for use in the SAM environment.5,6 
However, preparative photochemical reactions that give high yields in dilute solution do not necessarily 
give equally good yields in SAMs and the ortho?nitrobenzyl systems are a case in point. Unless the 
photo?cleavage is acid?catalyzed,7,8  the yields for photolysis of ortho?nitrobenzyl SAMs are poor to 
moderate (50?80%). As a result workers have started to explore alternative photochemistries including 
the photoreduction of azides,9 the photoreaction of azides with amines,10 CH bond insertion reactions of 
benzophenone derivatives,11,12 2 + 2 and 4+4 photocycloaddition reactions13,14 and the photocleavage 
reactions of N?alkyl picolinium (NAP) esters.15 In this paper we explore yet another chemistry; the 
photocleavage of α?esters of 1?acetylpyrene.20  Several mechanisms have been proposed for this and 
related acyl ester photocleavage reactions.20.21 The simplest mechanism invokes heterolysis of the α?
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carbon?to?oxygen bond as shown in Scheme 1.20 A possible alternative mechanism is described in 
reference 21. Here, we show that the photolysis of SAMs of an α?ester of 1?acetylpyrene can be used to 
create patterned surfaces and that it is then possible to selectively electrodeposit copper on the 
photolyzed regions. Our objective in investigating this system was to find a soft UV photolyzed 
patterned SAM that was easier to selectively metallize than the ortho?nitrobenzyl?based SAMs that we 
have studied previously.2 This was based on the assumption that the photo?removal of a larger, bulkier 
‘protecting group’ from the surface would produce a bigger contrast between the photolyzed and 
unphotolyzed regions. Metallization of patterned surfaces has attracted interest mainly from the 
standpoint of creating electrodes, contacts and interconnects for electronic devices, but this requires 
electroless deposition of the metal on non?conductive substrates.22 Electrochemical deposition of metals 
on (necessarily) conductive substrates is mainly of interest from the standpoint of the creation of 
surfaces with controlled topology with interesting optical/plasmonic properties (e.g. for surface?
enhanced Raman spectroscopy) and, potentially, also for the creation of substrates that can be used as 
‘masters’ in nano?inprint lithography and in the control of wetability and of liquid crystal alignment. 
 
1&/0#%#/-0
2 Dichloromethane 99.9% (DCM), hydrogen peroxide (27.5 wt.%), (±)?α?lipoid acid 99%, 1 
M hydrochloric acid, isopropyl alcohol (IPA) 99.9% and copper (II) sulfate pentahydrate (CuSO4·5H2O) 
99.995% were used as received from Sigma?Aldrich. Sulfuric acid (98%) was supplied by Fisher 
Scientific. Glass microscope slides (thickness 0.8 mm) were purchased from Agar and were cut to 
approximately three?quarters of the original length. Millipore Milli?Q water with a resistivity better than 
18.1 MU·cm was used throughout. High purity (99.99%) temper?annealed gold wire (0.75 mm 
diameter) was supplied by Goodfellow. Column chromatography employed Merck Geduran Si 60 as the 
stationary phase. 
	(Scheme 1). A solution of 1?(bromoacetyl)pyrene (500 mg, 1.6 mmol), potassium carbonate 
(513 mg, 3.7 mmol) and racemic lipoic acid (514 mg, 3.1 mmol) in anhydrous acetone (25 mL) was 
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stirred at room temperature under an atmosphere of argon for 4 h. The reaction mixture was diluted with 
EtOAc (100 mL) and the solution washed with saturated sodium hydrogen carbonate (2 × 30 mL), dried 
(MgSO4) and concentrated in vacuo without heat. The NMR spectrum of this crude product showed that 
it contained unreacted lipoic acid but no 1?(bromoacetyl)pyrene. It was purified by rapid passage 
through a very short silica column  eluting with dichloromethane to afford the title compound as yellow 
crystals (584 mg, 84%). Recrystallization from EtOH/CHCl3 gave bright yellow needles: mp 100?101 
°C; IR (ATR,) 3048, 2929, 1739, 1686, 1594, 1583 cm?1. 1H NMR (500 MHz, CDCl3) δ 8.95 (d, J = 9.4 
Hz, 1H), 8.30 – 8.23 (m, 4H), 8.19 ?8.15 (m, 2H), 8.09 ? 8.05 (m, 2H), 5.47 (s, 2H, C2H2), 3.50 (quint., J 
= 6.8 Hz, 1H, C3''H), 3.19 ? 3.12 & 3.11 – 3.04 (2 × m, 2 × 1H, C5''H2), 2.53 (t, J = 7.3 Hz, 2H, C2'H2), 
2.40 & 1.87 (approx. 2 x dq, J = 12.4, ~ 6.6 Hz, 2 × 1H, C4''H2), 1.76 – 1.69  (m, 2H, C3'H2), 1.69 ?1.62 
(m, 2H, C5'H2), 1.55 – 1.39 (m, 2H, C4'H2); 13C NMR (75 MHz, CDCl3) δ 196.5 (ketone carbonyl), 
173.1 (ester carbonyl), 134.3, 131.0, 130.5, 130.1, 130.0, 129.9, 128.5, 127.0, 126.6, 125.7, 125.0, 
124.5, 124.1, 123.9, 67.8 (C2), 56.2 (C3''), 40.1 (C4''), 38.4 (C5''), 34.5 (C2'), 33.7 (C5'), 28.6 (C4'), 24.6 
(C3') (assignments based on2?D NMR studies). HRMS (EI, 70 eV) calcd. for C26H24O3S2 [M] 448.1167, 
found 448.1149 (100%); [M+1] 449.1187 (20%). Anal. calcd for C26H24S2O3: C, 69.61; H, 5.39; S, 
14.30%. Found: C, 69.30; H, 5.30; S, 14.15%. 
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	!2 Synthesis of pyrene ester 3, the numbering system followed for the spectroscopic 
assignments, the photocleavage in alcohol solvents and the ion pair intermediate which is probably 
involved in the reaction mechanism.16 
 
%'. Cyclic voltammetry was used to compare the reduction potentials of the ester 3 
and of nitrobenzene using a dichloromethane solution, scanning at 100 mV s?1, on a BASI Epsilon 
electrochemical workstation with a three?electrode cell, Ag/AgNO3 as reference electrode, platinum 
wire as counter electrode and glassy carbon working electrode, in nitrogen?purged, 0.1 M solution of 
tetrabutylammonium hexafluorophosphate as a supporting electrolye at room temperature. 
(2 Glass microscope slides were first cleaned by ultrasonication for 15 min in a 
10% solution of Decon90 in Milli?Q water. Each slide was rinsed 10 times in Milli?Q water and then 
dried under a stream of oxygen free nitrogen. The samples were ultrasonicated in dichloromethane for 
15 min, removed and dried in a stream of zero grade nitrogen, rinsed under Milli?Q water, and 
immersed in piranha solution (70:30, v/v, H2SO4: H2O2) for 10 min. The substrates were then rinsed in 
Milli?Q water, dried under nitrogen, and placed in an Edwards Auto 306 thermal evaporator. A 150 nm 
gold layer was thermally deposited (at a rate of 0.1 nm·s?1) onto a chromium adhesion layer (5 nm 
thick), at a base pressure of approximately 1 × 10?6 mbar. The gold?coated samples were cleaned 
immediately prior to use by placing them in freshly prepared piranha solution for 2 min, followed by a 
rinse with Milli?Q water. 
2 SAMs were formed by immersing the gold?coated slides in 1 mM solutions of the 
corresponding material, in DCM, over night, at room temperature. The samples were then removed from 
solution, rinsed with DCM, dried with a nitrogen stream, rinsed with Milli?Q water, and again dried. 
/2 Soft UV (365 nm) light obtained from fluorescent microscope with a power (at the 
sample) of 40 mW·cm?2 was used to irradiate samples mainly for the photo?patterning process. A 365 
nm UV lamp (Blak?Ray Model B100 AP) with a nominal power (at the sample) of 4.1 ± 0.1 mW·cm?2 
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for 1.5 h (22 ± 0.1 J·cm?2 UV dose) was used for wetting, ellipsometry, XPS and FTIR?RAS studies to 
provide a larger spot size. After the UV irradiation, samples were rinsed with Milli?Q water, 
isopropanol, dried with a nitrogen stream, rinsed with DCM, and again dried  
,(2 Contact angles were measured using a First?Ten?Angstrom 4000 goniometer 
under ambient conditions. Milli?Q water droplets were advanced and receded across the surface from a 
microsyringe needle. Images of advancing and receding droplets were analyzed on both sides of each 
droplet and typically three values per surface were acquired. 
1
	2 Some of the XPS spectra were obtained using a Thermo Scientific 
ESCA Lab 250 with a chamber pressure maintained below 1 × 10?9 mbar during acquisition. A 
monochromated Al Kα X?ray source (15 kV 150 W) irradiated the samples, with a spot diameter of 
approximately 0.5 mm. The spectrometer was operated in Large Area XL magnetic lens mode using 
pass energies of 150 and 20 eV for survey and detailed scans, respectively.  Some of XPS spectra were 
also obtained using a Thermo Scientific K?Alpha XPS system at the National ERSRC XPS Users’ 
Service (NEXUS) at Newcastle University. Samples were irradiated with a monochromated Al Kα Al 
Kα X?ray source (12 kV 36 W) with a spot diameter of 0.4 mm.  The spectrometer was operated with 
the standard lens using pass energies of 200 and 40 eV for survey and detailed scans, respectively. All 
of the spectra were obtained with an electron takeoff angle of 90°. High resolution spectra were fitted 
using CasaXPS (version 2.3.16) peak fitting algorithms.  All spectra have been corrected by using C 1s 
peak at 284.5 eV for charge shifting. 
(#
/&2 FTIR?RAS spectra were obtained 
using a Bruker IFS?66 spectrometer equipped with a liquid?N2 cooled MCT detector. The optical path 
was evacuated. A p?polarized beam at an incident angle of 80° to the surface normal was used for the 
FTIR measurements. The spectra were taken at a 2 cm?1 resolution, and 1000 interferograms were co?
added to yield spectra of high signal?to?noise ratio. The reference spectrum was taken from a freshly 
cleaned gold surface. 
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2 A Jobin?Yvon UVISEL spectroscopic ellipsometer was used to measure the thickness of 
the SAMs. The wavelength was varied between 400 and 800 nm, in steps of 5 nm. DeltaPsi2 software 
was used to model and fit the acquired data assuming a simple three?layer system. Values for the base 
layer (gold support) were obtained from a freshly cleaned gold substrate. The SAM was modeled as a 
transparent thin film using the Cauchy approximation, n(λ) = A + B.104/ λ2 + C.109/λ4 and k(λ) = 0. 
Where λ is the wavelength in units of nanometers and A, B, and C are the Cauchy parameters dependent 
on optical properties of the material. Parameter, A, was restricted to a value of 1.450 ± 0.001 and 
parameters B and C were allowed to vary. The ambient air was assumed to have n = 1 and k = 0. 
Typically, three ellipsometric measurements were made per sample (and on more than one sample of 
each type). 
		. Electrochemical deposition (ECD) was 
performed by using the SAM modified gold electrode as a working electrode and a Ag/AgCl reference 
electrode. A coil of platinum wire formed the counter electrode. All electrodes were placed in an 
electrolyte solution, which was prepared by mixing 10 mM CuSO4 with 10 mM H2SO4 in an aqueous 
solution. The ECD was performed using an Autolab PG30 potentiostat. The cyclic voltammograms 
(CVs) were recorded in the range between ?0.30 V and +0.40 V at a scan rate of 10 mV⋅s?1. The 
appropriate deposition potential was determined from the CV.  
 
&#0../%/-0
	2  Although lipoic acid derivatives have been promoted as forming particularly good thiol?on?
gold SAMs,23 there are a number of problems associated with their use. The biggest problem is the ease 
with which lipoic acid and many of its esters undergo polymerization forming linear polydisulfides 
(Scheme 2). It is known that this polymerization can be induced thermally,24 chemically,25,26 
photochemically27,28 or electrochemically.29 
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	32 Polymerization of esters of lipoic acid 
Although it was found that the lipoic acid ester 3 was stable in the solid state, at 0oC, for several months 
and although dilute solutions were stable for several days at room temperature (as assessed by NMR 
spectroscopy or thin layer chromatography), the ester was found to polymerize when attempts were 
made to purify it using column chromatography. Recoveries of the ester 3from conventional column 
chromatography on silca (even high grade silica) were very poor. The key to the synthesis (Scheme 1) 
was found to be to use the lipoic acid ! in excess over the acyl bromide so that no unchanged acyl 
bromide remained at the end of the reaction. The excess lipoic acid could then be removed by very rapid 
passage of a dichloromethane solution through a short ‘plug’ of silica. However, if stoichiometric 
quantities of lipoic acid were used and the reaction failed to go to completion, separation of the 
unreacted acyl bromide from 3required conventional column chromatography which resulted in 
polymerization and most of the product was lost. 
2 Characterization of the SAMs produced from lipoic acid ! and from the ester 3
suggest that polymerization is not only a problem in the synthesis and chromatography but that it is also 
an issue in SAM formation. Most of the early papers on lipoic acid based SAMs show simple 
schematics like that in Figure 1(a) which imply that the –S?S? bonds have all been cleaved and that each 
ligand molecule is bound to the gold through two Au?S bonds. Naively, this suggests that, compared to a 
conventional thiolate SAM [Figure 1(b)], the ligand should be more strongly bound. However, this is 
not born out experimentally where force microscopy experiments show that the binding of lipoic acid 
derivatives to gold is substantially weaker than that of simple thiolates.30 Furthermore Fig 1(a) cannot be 
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reconciled with the results of XPS studies of lipoic acid based SAMs which almost always show both 
‘bound’ (Au?S) and ‘unbound’ (S?H or S?S) sulfur.31,32 The source and nature of the ‘unbound’ sulfur 
revealed by these XPS studies remains unclear. It has been suggested that, for lipoic acid itself, it relates 
to an ionically bound or hydrogen bonded ad?layer on top of the lipoic acid SAM.26 However, since we 
find ‘unbound’ sulfur for both lipoic acid SAMs and for SAMs of the lipoic acid ester 3and that this 
‘unbound’ sulfur is not removed by rinsing (Milli?Q water, DCM, isopropanol, methanol or 
acetonitrile), this explanation seems unlikely.  It is more likely that it arises from polysulfide 
formation.27 Binding of polysulfide to gold [Figure 1(c)], could give both ‘bound’ and ‘unbound’ S 
signals in the XPS, the proportion of ‘unbound’ sulfur increasing with the degree of oligomerization. 
Since dilute solutions were stable for several days at room temperature (as assessed by NMR 
spectroscopy or thin layer chromatography) may be that this polymerization is promoted by the metal 
surface.29 (Reductive opening of the ring followed by chain growth similar to that reported in reference 
26) 
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(!2Schematic representations of the binding of (a) lipoic acid/lipoic acid derivatives to gold (b) 
simple thiolates to gold and (c) One way in which oligomers of lipoic acid/lipoic acid esters can bind to 
gold. 
XPS data for the C 1s and O 1s regions for the SAM derived from the ester 3 is shown in Figure 2 and 
equivalent data for the lipoic acid SAM is shown in the Supporting Information (Figure S4). The XPS 
for the C 1s region of 3 shows a band at 288.6 eV associated with the C=O carbon35,36, a band at 287.2 
eV attributed to the C?O carbon, a band at 286.3 eV attributed to the C?S carbon and a peak at 284.5 eV 
assigned to the aliphatic and aromatic carbons and the O 1s region shows peaks for both C=O and C?
O.37?39  The sulfur 2p spectrum is more noisy but, as in related papers, it is best analyzed in terms of two 
overlapping S 2p spin?orbit doublets created from the two distinct sulfur species; ‘bound’ and ‘unbound’ 
sulfurs. The ‘gold?bound’ sulfur gives peaks at 161.8 eV and 163.0 eV, which are attributed to the spin?
orbit doublet of S 2p3/2 and S 2p1/2,.40,41  The ‘unbound’ sulfur gives the peaks at 163.3 eV and 164.5 eV, 
which are also assigned to S 2p3/2 and S 2p1/2.41,42  There is no evidence for oxidized sulfur (usually 
associated with a peak at 168 eV).43  Except in terms of peak ratios, the XPS spectrum for the SAM 
obtained from lipoic acid (supplementary information) is very similar and it also shows both ‘bound’ 
and ‘unbound’ sulfur. The atomic ratios derived from the peak?fittings shown are given in Table 1. 
These were mainly as expected except that (consistently over a number of samples) the values for the 
integration in both the carbon and oxygen regions for the ester 3 were high in C?O and low in C=O. 
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Since all of the analytical and spectroscopic data for compound 3were correct and since the IR 
spectrum for 3 in both KBr and SAM environments (Figure 3) showed both ester and ketone carbonyls 
this is not easy to understand. One possibility is that, rather in the same way as aryl nitro groups are 
reduced to aryl amino groups under XPS conditions, so possibly there is some reduction of the aryl C=O 
to CHOH under these conditions. To test this possibility, the effect of the pyrene residue on the carbonyl 
reduction potential was assessed using cyclic voltammetry. This showed that, under these conditions the 
first reduction potential of nitrobenzene was ?1.386 V versus Ag/AgNO3 that of compound 3 was ?1.641 
V; that is the aryl keto group is ~255 mV more difficult to reduce than the aryl nitro group (Supporting 
Information Figure S5). However, it is easier to reduce than a simple aliphatic ketone which gives some 
weight to the suggestion that there may be some reduction of the α?carbonyl group of 3 under XPS 
experimental conditions. 
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(32 XPS data for the SAM derived from the ester 32Acquired signal is plotted in open circles 
and the envelope of the fitted component is represented by the black solid line. (i) (top) C 1s region with 
four fitted components at gradually increasing binding energy: alkyl/aryl (in blue), C?S (in orange), C?O 
(in red) and C=O (in green) carbon; (ii) (middle) O 1s region fitted with components corresponding to 
oxygen in C=O (in green) and C?O group (in orange), respectively; (iii) (bottom) S 2p region fitted with 
two spin?orbit doublets assigned to thiols bound to gold (in green) and disulfide or unbound thiols (in 
orange).  
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#!2 Ratios of integrated (and normalized using relative sensitivity factors) XPS peak areas for 
SAMs derived from α?lipoic acid and from the ester 3 normalized to sulfur.
 Carbon Oxygen Sulfur 
 C=O C?O Total C C=O C?O Total O Total S 
1 1.3 ? 9.3 1.2 1.0 2.1 2.0 
 1 1.0 ? 8.0 1.0 1.0 2.0 2.0 
2 1.8 1.2 29.9 1.8 1.3 3.2 2.0 
 2 2.0 1.0 26.0 2.0 1.0 3.0 2.0 
 
 
Table 2 gives the results of water contact angle and ellipsomeric studies of SAMs derived from α?
lipoic acid and the ester 32 The advancing water contact angle for a fresh SAM produced from the ester
3 is 88 ± 2°. This is in agreement with that observed for a pyrene terminated SAM on a silicon wafer (85 
± 1°).44  The thickness of this SAM (16 ± 1 Å) obtained from ellipsometry corresponds to the expected 
thickness calculated using the length for the fully extended molecule and assuming an average tilt angle 
relative to the normal of 30°.  
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#32 Surface properties of the SAMs derived from lipoic acid ! and from the ester 3 before and after 
soft UV (365 nm) irradiation for 1.5 h under a layer of 0.1 M HCl/IPA 


,
45

	6475
 
	6475
θAdvancing θReceding 
1 30 ± 2 7 ± 2 9 ± 2 8 (9) 
1
(!28	
70 ± 2 18 ± 4 3 ± 1 8 (9) 
2 88 ± 2 62 ± 6 16 ± 1 16 (18) 
2
(
!28	
89 ± 2 44 ± 7 4 ± 2 8 (9) 
2(
!28	45 
  17 ± 1 16 (18) 
2
(!28	4
5 
87 ± 2 51 ± 3 16 ± 1 16 (18) 
 
 a. Irradiation wavelength = 365 nm, dosage = 22 J·cm?2;  
b.Expected thickness of the SAM using the length of a single molecule estimated from molecular 
modeling [HyperChem program, semi?empirical (AM1); values given in brackets] assuming a tilt angle 
of 30° with respect to the surface normal. 
Figure 3 shows the FTIR?RAS spectra for the SAMs derived from lipoic acid and the ester 3compared 
to the FTIR spectra for these same compounds dispersed in KBr. As expected, and because of the 
different selection rules which apply to the FTIR?RAS, the relative peak intensities are a little different, 
but generally there is good agreement. Both the ester 3SAM and the lipoic acid SAM show peaks 
corresponding to CH2 stretching in the FTIR?RAS spectrum at 2930 and 2859 cm?1 indicating disorder 
of the alkyl chains (compare to 2919 and 2850 cm?1 which we obtain for the SAM layer derived from 
C18H37SH; values typical of ordered SAMs).  For the ester 3the peaks observed between 1600 cm?1 and 
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1450 cm?1 are attributed to C=C vibration modes of the pyrene group.45 The peaks below 1450 cm?1 
correspond to C?C deformation (∼1230?950 cm?1), C?H stretching (1217 cm?1) and C?H bending in 
pyrene rings (819 cm?1).46,47  In the case of lipoic acid there is a marked shift in the acid carbonyl 
frequency from that characteristic of the strongly hydrogen bonded dimer in KBr (1693 cm?1) to a value 
of 1715 cm?1 in the SAM layer, which shows that in the SAM there is a reduction in hydrogen bonding. 
The ester 3 in KBr shows carbonyl peaks at 1686 (ketone) and 1739 cm?1 (ester). In the SAM 
environment that for the ketone is slightly shifted to 1694 cm?1 whereas that for the ester is essentially 
unchanged. Hence the XPS, FTIR?RAS, wetting and ellipsomeric studies are in accord with formation 
of the expected SAM structure except that there is apparently some polymerization (some polydisulfide 
formation) for both the lipoic acid and the ester. 
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(92 800?1850 cm?1 regions of the IR spectra. From the top:?  (i) (top) FTIR?RAS of the SAM 
formed from the ester 3(ii) FTIR of ester 3dispersed in KBr (iii) FTIR?RAS of the SAM formed form 
lipoic acid (iv) (bottom) FTIR of lipoc acid dispersed in KBr. 
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	92Expectedphotochemical reaction (photoremoval of the acetylpyrene moiety leading to a 
lipoic acid SAM) and two possible explanations of the observed overall process in which the SAM layer 
is removed (For simplicity only the form of 3 and of lipoic acid ‘bound through both sulfurs’ is shown, 
see text). 
 
		. Based on literature precedents, we expected that photolysis of 
the SAM formed from the ester 3would result in heterolysis of the α?carbon?to?ester oxygen bond 
leading to a gold surface coated with a lipoic acid SAM (Scheme 3).20,21  However, whilst the acid 
derivative 3could be photodeprotected in solution, the reaction in the SAM environment was very slow. 
This is unlikely to be the result of the red?shift seen in the SAM environment since, although this is of 
the order of 25 nm it only shifts the main adsorption maximum to just above rather than just below 
365nm and the peaks are very broad. In DCM solution ester 3 shows λmax 272, 352 and 384(s) nm 
whereas a reflectance UV spectrum of the SAM layer shows λmax 296, 376 and 406(s) (Supporting 
Information Figure S6). It is much more likely to be a result of the way that gold efficiently quenches 
excited states. In general, for soft UV photochemical reactions, quantum yields for organic moieties in 
thiol?on?gold SAM layers are generally very much lower than they are in solution.35  Based on a report 
by Jana et al.20 that, in solution, a higher photoreaction yield for this type of reaction can be achieved by 
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using a polar solvent (by using a medium that stabilizes the putative ion?pair intermediate shown in 
Scheme 3) we then tried photolysis of the SAM under a layer of isopropanol (IPA). When this also 
failed to produce a sufficiently rapid photoreaction we tried acid catalysis: photolysis of the SAM under 
a layer of 0.1 M HCl in IPA (we tried using a proton to capture the anion within the ion pair). This 
proved to be much more successful.  FTIR?RAS data for this photoreaction is shown in Figure 4, the 
XPS data in Figure 5 and the wetting and ellipsometry results in Table 2. The top of Figure 4 shows the 
FTIR?RAS spectrum of the SAM derived from the ester 3. As can be seen from the two spectra 
immediately below it, there is no change when this SAM is photolyzed through a layer of IPA or when 
it is left in contact with 100 mM HCl in IPA ‘in the dark’. However, a substantial difference is 
noticeable when the SAM is photolyzed through a 100 mM solution of HCl in IPA, although the 
spectrum obtained does not correspond with that for the expected product: a SAM composed of lipoic 
acid (bottom trace). What rather seems to have happened is that the amount of compound 3 on the 
surface is reduced. This is confirmed by the XPS results. When the SAM is photolyzed through a 100 
mM solution of HCl in IPA the total amount of carbon, oxygen and sulfur decrease but the relative 
amounts of these three components before and after photolysis is almost the same (Supporting 
Information, Figure S7). The only clear difference in the peak shapes (or indeed the ratios of the 
elements) is a change in the shape of the S 2p region which corresponds to there being relatively less 
‘unbound sulfur’, relatively more ‘bound’ sulfur after photolysis. It appears that there is acid?catalyzed 
photo?removal of the lipoic acid layer as it is formed. That lipoic acid is indeed removed from the 
surface under these conditions is shown by the XPS.  Starting from a SAM prepared from α?lipoic acid 
and photolyzing under identical conditions it is seen that the carbon, oxygen and sulfur signal all 
diminish and, once again, the only noticeable difference in the relative peak intensities is that after 
photolysis there is relatively less ‘unbound sulfur’, relatively more ‘bound’ sulfur.  
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(:2 800?1850 cm?1 regions of the FTIR?RAS spectra. From the top:? (i) (top) FTIR?RAS of the 
SAM formed from the ester 3(ii) FTIR?RAS of the SAM formed from the ester 3after 1.5 h photolysis 
under a layer of IPA (iii) FTIR?RAS of the SAM formed from the ester 3after 1.5 h storage (without 
UV) under a layer of 100 mM HCl in IPA (iv) FTIR?RAS of the SAM formed from the ester 3after 1.5 
h photolysis under a layer of 100mM HCl in IPA (v) (bottom) FTIR?RAS of the SAM formed form 
lipoic acid.  
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.	2When the SAM derived from 
ester 3 was photolyzed through a mask (15 min of UV exposure time under the microscope producing 
40 mW·cm?2 power at the sample) patterned substrates were produced and then these were used for the 
regioselective electrochemical deposition (ECD) of copper from an acidic copper sulfate solution. At a 
controlled potential it is easy to selectively grow a layer of copper on the photolyzed regions and this 
layer can be cleanly removed by reversing the electrode potential. This process is wholly reversible over 
at least ten cycles. 
 
(82(left) Cyclic voltammograms corresponding to the reduction of a solution of 10 mM CuSO4 in 
10 mM H2SO4. (right) schematic representations of the SAM layers. a) SAM derived from the ester3, b) 
SAM derived from the ester3after photolysis.c) photo?patterned SAM (200 bm × 150 bm stripes) d) 
lipoid acid SAM. The tenth cycle for each sample is presented. Scan rate 10 mV·s?1. 
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Figure 5 shows cyclic voltammograms (CVs) for the reduction of an acidic copper sulfate solution on 
various SAM?modified gold electrodes (10 mM CuSO4 in 10 mM H2SO4 solution; scan rate 10 mV⋅s?1). 
The equilibrium potential, also known as an open cell potential (OCP), was observed to be +0.03 V in 
all cases and it was not significantly different from that of bare gold. The overpotential required for 
deposition of copper (the OPD) for a SAM?modified cathode is mainly determined by the thickness of 
the SAM. Hence the OPD values observed more?or?less follow the expected order: SAM from ester 3 (?
0.15 V) > photo?patterned SAM from ester 3 (?0.12 V) > photocleaved SAM from ester 3 (?0.10 V) > 
lipoic acid SAM (?0.07 V). The monolayer thicknesses measured by elipsometry being: SAM from ester 
3 (16 ± 1 Å) > photo?patterned SAM from ester 3 > lipoic acid SAM (9 ± 2 Å) > photocleaved SAM 
from ester 3 (4 ± 2 Å). At potentials more negative than the OPD, the reduction rate for Cu2+ depends on 
the electron transfer and the Cu2+ diffusion rates, which cause a dramatic increase in the current value. 
The maximum current value, where the reduction rate is limited by the diffusion of Cu2+ ions to the 
cathode, is called limiting diffusion current (Ip). The potential at which this limiting current is reached is 
known as the peak potential (Ep). Figure 5 shows the Ep values for the different SAMs. These are in the 
order ester SAM from ester 3 > lipoic acid SAM (?0.23 V) > photo?patterned SAM from ester 3 (?0.20 
V) > photocleaved SAM from ester 3 (?0.18 V). On patterned surfaces, the significant difference of Ep 
for the photolyzed (?0.18 V) and unphotolyzed (?0.26 V) esterSAMs could be utilized for spatially 
selective electrochemical deposition of copper. Figure 6 shows a cyclic voltammogram for a patterned 
SAM (CVs) between ?0.30 V and +0.40 V (scan rate of 10 mV⋅s?1) together with optical images taken at 
different potentials showing the deposition and removal of the copper on the stripes which had been 
exposed to the UV light. The CV started at 0 V (position !), where no nucleation of copper was 
observed on surface. At ?0.18 V (position 3), the limiting diffusion current (Ip) for the photocleaved 
SAM deposition of Cu leads to an appearance of bright regions (200 bm wide) covered by a high 
density of copper particles. Even at ?0.26 V (position 9) there is very little deposition of copper on the 
unphotolyzed stripes. The 1?acetylpyrene functionalized SAM acts as a very efficient barrier to copper 
deposition. At more positive potential than the OCP (position :) Cu0 is oxidized back to Cu2+ but a low 
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density of copper particles is still observed. Finally, the copper was completely removed from SAMs 
surface at +0.20 V (position 8). Hence, the deposition/stripping of copper on the photo?patterned SAM 
is highly selective and reversible. The process could be repeated for over at least ten cycles.  
 
 
(;2Cyclic voltammograms (CVs) for the electrodeposition of copper on the photo?patterned 
SAM at a scan rate of 10 mV⋅s?1. The traces for four of the ten cycles (numbers 5,7,9,10) have been 
overlaid (there is virtually no difference between them). The images which show the growth of the 
copper on the photolyzed stripes were taken from a video which was captured at the same time as the 
CV data. Photolyzed () and unphotolyzed () regions are on 200 bm and 150 bm wide respectively. 
 
#		
'	

(	2The most 
surprising, unexpected feature of this study is the finding that the SAM formed from lipoic acid and 
from the ester 3 can be removed (or at least partially removed) from gold using a combination of soft 
UV light and acid catalysis. Surprising, because this sort of process was not reported in any of the 
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previous studies in which thiol?on?gold SAMs were photolyzed through an acidified alcohol layer and 
because there is no obvious molecular ‘chromophore’ in lipoic acid that absorbs significantly at 365 nm. 
Possibly absorption in this region arises from sulfur?sulfur interactions within the SAM or from the Au?
S ‘bond’or is related to protonation of sulfur. To try to understand whether this is a general phenomenon 
or whether it is something specific to the (rather weakly bound) lipoic acid SAM we decided to study 
the behavior of a number of SAMs under these reaction conditions. Namely the SAMs obtained from 
dithiobutyric acid DTBA [AuS(CH2)3CO2H], from mercaptohexanoic acid MHA [AuS(CH2)5CO2H], 
from mercaptooctanoic acid MOA [AuS(CH2)7CO2H] and from mercaptoundecanoic acid 
MUA[AuS(CH2)10CO2H]. What transpired was that, under soft UV irradiation and acid catalysis, 
cleavage from the surface is a general phenomenon; at least for the shorter, more disordered SAM 
layers. Table S1 (Supporting Information) shows the ellipsometric and wetting angle data for all of these 
SAM layers under identical reaction conditions. The ellipsometry data shows that there is marked 
decrease in thickness for the DTBA, MHA, and lipoic acid SAMs and that for MOA and MUA the 
thickness is (within experimental error) unchanged. The FTIR?RAS studies (Supporting Information, 
Figure S8) show loss of most of the carbonyl adsorption for DTBA and MHA but very little change for 
MOA. The XPS studies (Supporting Information, Figure S9) show a roughly 60% reduction in the 
signal intensity for DTBA and MHA, a roughly 20% reduction for MOA but little or no change in the 
signal intensities for MUA. In Figure 7 the XPS data for all six SAMs is displayed graphically; the 
fractional decrease in the intensity of the XPS peaks for carbon (carbonyl carbon), oxygen and sulfur 
being plotted against the initial thickness of the SAM layer. Note that the fractional decrease for all 
three elements (carbon, oxygen and sulfur)  is about the same. The ratio also remains the same but the 
amount of material on the surface decreases. Note also that the fractional decrease depends on the initial 
thickness of the SAM layer with the MUA layer being virtually unaffected.  Both acid catalysis and 
365nm UV are required. There is no effect when these SAMs are irradiated in the IPA on its own (in the 
absence of acid) or when they are kept under acidic IPA in absence of UV light. Taken together, these 
results show that the photocleavage process is dependent on the thickness and/or possibly the ordering 
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within the SAM.  It is clear that this is a very different process to the general degradation of SAM layers 
that occurs under hard UV irradiation (because of the chain length/SAM layer thickness dependence). It 
is also important to note that the process is not one of thermal desorption of the SAM from the surface 
of the gold. This idea would be difficult to reconcile with the chain?length dependence of the fractional 
change in thickness shown in Figure 7. Furthermore, it would be inconsistent with the IR and 
ellipsometric data (Figure 4 and Table 1) shown for ester 3 and for lipoic acid when photolysed under 
isopropanol with and without added acid or when kept for 1.5 h without UV exposure under acidic 
isopropanol.  
 
(<. Fractional changes for the five acid?terminated SAMs in the area of the peaks (normalized 
relative to gold) for carbonyl carbon (squares), oxygen (circles) and sulfur (triangle) plotted against the 
measured initial thickness of the SAM layer. The straight line is intended only as a guide to the eye. 
Photolysis conditions: 365 nm; 1.5 h; under a layer of 0.1 M HCl/IPA; 365 nm dosage = 22 J·cm?2. The 
data for carbonyl carbon is chosen since, under prolonged exposure, the ‘total carbon’ showed evidence 
of contamination from atmospheric hydrocarbons.  
 
%-0%/-0
A thiol?on?gold SAM based on a 1?acetylpyrene protected carboxylic acid functional group has been 
prepared and characterized. Photolysis of this SAM using soft UV (365 nm) under an acidic ad?layer 
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was found to be more effective than direct photolysis in the air or photolysis under an ad?layer of a polar 
solvent but (unexpectedly) it was found that the photolysis product (the lipoic acid) is also removed 
from the surface under these conditions. The significant increase in the peak potential (Ep); the way in 
which the 1?acetylpyrene group of the unphotolysed SAM blocks the electrodeposition of copper means 
that these photo?patterned SAMs are very suitable for the spatially selective electrodeposition of copper. 
The most unexpected finding to arise from these studies is that the SAMs derived from DTBA, MHA 
and lipoic acid are also partially removed from the surface on irradiation with 365 nm light through a 
solution of 0.1 M HCl in IPA. This process is chain?length (SAM thickness and/or order) dependent. 
The fact that the longer chain SAMs are more stable suggests that the overall process observed in the 
photolysis of the pyrene ester 3is probably one in which photocleavage of the pyrene residue leads to a 
lipoic acid residue which is then cleaved from the surface (Route ‘a’ in Scheme 3) rather than one in 
which there is direct removal of the pyrene ester from the surface (Route ‘b’ in Scheme 3). The fact that 
the shorter chain SAMs are partially removed from the surface but those based on longer chains are 
more stable may suggest that the proton participates directly in the Au?S bond cleavage process. 
Alternatively, this may be related to the fact that these longer chain SAMs are more ordered and perhaps 
the thiol, disulfide or protonated disulfide cleaved from the surface is then more likely to recombine 
with the gold rather than diffuse away into the solution. Regardless of these speculations it is clear that 
acid catalyed photolyses of thiol?on?gold SAMs, certainly photolyses that require the sort of dosage 
used in this study (22 J·cm?2),  need to be used with caution. 
 
-%/#.%-0#0#
(/
NMR data for compound 3. XPS data for the SAM derived from lipoic acid, Cyclic voltammetry data 
for solutions of nitrobenzene and the pyrene ester 3=UV/vis spectra for the ester 3 in solution and in the 
SAM environment, XPS data for SAMs derived from ester 3 and from lipoic acid both before and after 
photolysis,  FTIR?RAS spectra for DTBA, MHA and MOA SAMs before and after photolysis,  XPS 
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data for the acid?catalysed photolysis of SAMs of DTBA, MHA, MOA and MUA. The Supporting 
Information is available free of charge on the ACS Publications website at………… 
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